Elements in the neighborhood of a stimulus can modulate both the subjective perception of and the neural responses to this stimulus. Investigations of this contextual modulation usually focus on low level features such as the orientation difference between the target and its context. Recently, we introduced a paradigm in which contextual modulation cannot be explained by orientation differences between target and context per se. Instead, the overall structure of the context seemed to determine contextual modulation. Here, we show that edges of contextual gratings as well as isolated contextual lines are the main source of contextual suppression in this effect. Such suppressive contextual elements can be blocked by non-suppressive ones. We suggest that contextual elements reveal valences in loose analogy to chemical valences.
Introduction
Contextual modulation of a visual stimulus by its surround is physiologically and psychophysically well investigated. In most experiments, a contextual grating or a number of contextual lines are surrounding a grating or a line target. Varying the orientation of contextual elements relative to that of the target changes neural responses and psychophysical performance revealing better results for orthogonal than for iso-oriented surrounds for high-contrast stimuli. Usually, performance degrades even for orthogonal surrounds compared with a blank surround (however, see Sillito, Grieve, Jones, Cudeiro, & Davis, 1995) . Lateral interactions between neurons tuned to orientations are often assumed as the underlying mechanism. Using inhomogeneous surrounds in the context of the recently discovered shine-through effect, we demonstrated that the orientation difference between context and target is less important than previously assumed (see Fig. 1 ; Herzog & Fahle, 2002) . In the shine-through effect, a vernier is presented for a short time followed by a grating comprising more than seven elements. In this constellation, the vernier shines through the grating (see Fig. 1A ; Herzog & Koch, 2001) . Isolated contextual elements accompanying the grating can strongly diminish or even abolish shine-through ( Fig. 1B ; Herzog & Fahle, 2002) . Extended contextual gratings that contain the isolated elements, yield no contextual suppression ( Fig. 1C ; Herzog & Fahle, 2002) . It seems that contextual suppression is caused by the presence of isolated contextual elements.
Here, we suggest that contextual elements reveal some kind of binding power in loose analogy to the chemical elements. The processing of isolated lines or edges seems to interact with the processing of other elements of the visual scene yielding visual complexes in analogy to binding atoms to molecules. We show, for example, that the suppressive power of contextual elements depends on the number of neighboring elements in loose analogy to chemical valences. Moreover, nonsuppressive elements can block the suppression of suppressive elements.
General materials and methods

General set-up
Stimuli were displayed on an analog monitor (either HP 1332A or 1333A) controlled by a Power Macintosh computer via fast 16 bit D/A converters (1 MHz pixel rate). In all experiments, a vertical vernier preceded a grating comprising 25 aligned vertical verniers (see Fig.  1A ). This grating is called the standard grating. Except for offset, all spatial parameters of the grating elements were identical to those of the foregoing vernier. Segments were 600 00 (arc sec) long, about 20 00 -30 00 wide, and separated by a small vertical gap of 60 00 . Hence, vernier and grating elements were 1260 00 long (one overtrained observer performed the experiments with a length of segments of 300 00 to maximize effects). The horizontal spacing between grating elements was 200 00 . The preceding vernier and the center element of the grating appeared in the middle of the screen where a fixation dot was displayed between stimulus presentations. With this set-up the vernier shines through the grating (see Fig. 1A ).
In most conditions, the standard grating was flanked by contextual lines presented above and below the grating. Contextual lines were 400 00 long and had no vertical gap. The vertical distance between the contextual lines and the grating is defined as the distance between the top or bottom ends of the grating elements and the lower or upper end of the contextual lines, respectively, i.e. the vertical distance corresponds to the free interval. This distance was usually 200 00 . Standard grating and contextual elements were always presented simultaneously and lasted for 300 ms.
Subjects observed the stimuli from a distance of 2 m in a room illuminated dimly by a background light (0.5 lx). Luminance of stimuli was around 80 cd/m 2 . Before the stimuli were presented, a fixation spot was turned on in the center of the screen simultaneously with four markers at the corners of the screen for 1 s followed by a blank screen for 200 ms. Refresh time was 5 or 10 ms. Stimuli were generated by a C-program using a library developed in our institutes.
Task
Subjects were asked to discriminate the offset direction (left vs. right) of the shine through element by pressing the corresponding of two push buttons in a binary forced choice task. Incorrect responses were followed by an auditory error signal produced by the computer. We determined thresholds of 75% correct responses by means of an adaptive staircase method (PEST; Taylor & Creelman, 1967) . If, by virtue of masking, the vernier itself is invisible or the vernier offset cannot be reliably detected, PEST offers increasingly larger offsets. In order to avoid extremely large offsets, we restricted the PESTprocedure to a maximum offset size of the foregoing vernier of 300 00 (that is 1.5 times wider than the horizontal spacing between the elements of the standard grating). The starting value of PEST was 150 00 . If observers were unable to reach a threshold value within the predetermined offset range of 300 00 , we assumed invisibility of the vernier target and an offset of 350 00 was recorded. A vernier target, briefly presented, shines through a following grating if the grating comprises more than seven elements. The shinethrough element appears to be brighter, wider, and even longer than it really is. For gratings with less than seven elements, the foregoing vernier is largely invisible and performance strongly deteriorates (not shown). (B) Shine-through strongly diminishes if isolated contextual lines accompany the standard grating. (C) Shine-through, however, is restored when the isolated contextual lines are part of extended contextual gratings (for an animation of stimuli see: http://www.neuro.uni-bremen.de/~web/index.php?id=33&link=/~vernier, section ''contextual modulation'').
1 Three criteria had to be fulfilled to account for invisibility. Firstly, PEST had offered offsets increasing in a monotonic fashion. Secondly, an offset value of 300 00 had been provided at least once and thirdly, the hit rate for 300 00 had been below 75% correct responses. In ambiguous cases, the block of presentations was repeated. In general, PEST fails to compute a threshold value of invisible verniers for obvious reasons. In the rare cases a value larger than 350 00 was computed still 350 00 was substituted in order to avoid numerical dominance of this value in the averaging process (see also Herzog, Schmonsees, & Fahle, 2003a , 2003b .
Each subject measured every condition twice. If not stated otherwise, the order of conditions was randomized individually for each observer to reduce possible hysteresis or order effects in the mean. After every condition had been measured once, the order of conditions was reversed for the second set of measurements in order to at least partly compensate for possible learning effects.
For every observer, we aimed to find the minimal presentation time for which shine-through just occurs, i.e. for shorter vernier durations than the ones used here, no shine-through occurred or it was strongly diminished. For longer vernier presentation times contextual suppression can disappear (Herzog et al., 2003a) . This minimal duration required was 10 ms for most observers but ranged from 10 to 30 ms. This minimal vernier duration was used in the following experiments for each observer individually. Immediately after disappearance of the vernier, the grating (plus contextual elements) was presented for 300 ms.
Observers
Graduate students of the University of Bremen and the first three authors participated. Subjects were told that they might quit the experiment at any time they wished. After signing a consent form, visual acuity was determined by means of the Freiburg acuity test (Bach, 1996) . To participate in the experiments, subjects had to reach a value of 1.0 corresponding to 20/20 in this test at least for one eye. The fourth author participated in pilot experiments (his data are not included).
Results
Bound vs. unbound edges
Performance strongly deteriorates when isolated contextual elements accompany the standard grating compared to when extended contextual gratings are presented with the standard grating-even though these extended contextual gratings contain the isolated elements ( Fig. 1 ; Herzog & Fahle, 2002; Herzog et al., 2003b) . Hence, the suppression exerted by isolated lines cannot be caused by their physical energy per se. In this experiment, we investigate contextual suppression with small contextual gratings exposing edges in the close neighborhood of the vernier target to further clarify the causes of suppression.
Methods
For each observer, we first determined the smallest number of contextual grating elements for which performance was comparable to the standard condition ( Fig. 2A ; Herzog & Fahle, 2002) . These contextual gratings are called minimal gratings. The center of these minimal gratings was always at the same horizontal position as the central element of the standard grating (i.e. abscissa x = 0). Spacing between contextual gratings was 200 00 as for the standard grating. For two observers these minimal gratings contained 5 lines, for three subjects 7 lines, for another subject 9 lines, and for the last one 11 lines. Gratings with fewer elements deteriorated performance, i.e. the offset of the shine-through element was correctly discriminated less often. Second, we presented only the four outmost lines of these minimal contextual gratings (Fig. 2B ). In the third condition, the standard grating was accompanied by contextual gratings that were complementary to the minimal ones (Fig. 2C) . Therefore, minimal and complementary gratings did not share common elements. In the fourth condition, the complementary gratings comprised, in addition, the four isolated elements of Fig. 2B (Fig.  2D ). This is to say that the outmost elements of the minimal gratings were the innermost elements of these ''complementary+iso4'' gratings. Finally, we determined performance in the standard condition. Verniers were presented for the minimal time of each individual observer. Seven observers participated.
Results and discussion
Minimal gratings increase thresholds only moderately compared with the standard condition (see Fig. 2 ) as to be expected given their definition. Presenting only the outmost lines of minimal gratings, on the other hand, dramatically deteriorates performance (paired t-test, p = 0.0146, ''min.grating'' vs. ''isolated4''; see also Herzog & Fahle, 2002; Herzog et al., 2003b) . If these isolated lines are edges of the ''complementary+iso4'' gratings, thresholds decrease but remain on a level significantly elevated compared with the condition employing minimal gratings (paired t-test, p = 0.0225, ''isolated4'' vs. ''complementary+iso4''; p = 0.0324, ''min.grating'' vs. ''complementary+iso4'') . Contextual suppression seems to be higher if a contextual edge has its open space stretching towards (Fig. 2D ) rather than away from the vernier (Fig. 2A) . These results cannot be attributed to the different numbers of grating elements since the ''complementary+iso4'' gratings contain more elements than the minimal gratings for most observers. More contextual elements usually lead to weaker contextual suppression (Herzog & Fahle, 2002; Herzog et al., 2003b) . Complementary contextual gratings (Fig. 2C) , not sharing an edge with the minimal gratings, show performance comparable to the minimal grating condition.
Valences
Clearly, the suppressive power of isolated contextual lines can be suppressed by neighboring contextual elements (compare ''min.grating'' vs. ''isolated4'' in the last experiment, see Fig. 2 ). Here, we show that contextual elements reveal valences in loose analogy to chemical valences.
Methods
A vernier was followed immediately by the standard grating. Performance was determined, first, in this standard condition and, second, with 25 element contextual gratings accompanying the standard grating ( Fig.  3A and B) . In the third, fourth, and fifth conditions, only 13 contextual lines were presented both above and below the standard grating. In the third condition, the 13 lines were presented ''centered'', i.e. the center elements of these gratings were displayed above and beneath the center element of the standard grating (Fig.  3C ). In the fourth condition, these contextual gratings, one above and one below the standard grating, extended to the same side of the center, randomly chosen for each observer (Fig. 3D ). In the fifth condition, one contextual grating was displayed to the right whereas the other one was presented to the left side of the center (Fig. 3E ). These 13 line gratings can be viewed as one half of the 25 element contextual gratings including the center element. In the sixth condition, one vertical contextual line was presented above and one beneath the center element of the standard grating (Fig. 3F ). These single lines were at the same position as the center lines of the contextual gratings used in the second and third conditions ( Fig. 3B and C) and, moreover, represented the ''inner'' edges of the contextual, non-centered gratings with 13 elements (Fig. 3D and E) . Spacing between the elements of gratings was 200 00 . We carefully determined the minimal vernier presentation time of each observer to avoid floor and ceiling effects in the fourth and fifth conditions. Longer presentation times may yield performance close to the standard condition whereas slightly shorter durations may yield higher thresholds in the standard condition and ceiling performance in the fourth to sixth conditions. Eight observers participated.
Results and discussion
Performance is best in the first three conditions, i.e. the standard condition and the conditions with centered contextual gratings containing either 25 or 13 elements ( Fig. 3A-C) . Performance deteriorates significantly if non-centered contextual gratings with 13 elements are presented ( Fig. 3D and E; paired t-test, p < 0.0001, ''2x13lines.center'' vs. ''2x13lines.equi''; p = 0.0005, ''2x13lines.center'' vs. ''2x13lines.contra''). If single contextual lines accompany the standard grating, performance deteriorates even more (paired t-test, p = 0.0102, 
grating). (B) Only the four outmost lines of the contextual gratings of (A) were presented together with the standard grating (isolated4). (C)
Contextual gratings accompanied the standard grating that were complementary to the contextual gratings of (A), i.e. presenting the gratings of (C) and (A) together yields contextual gratings with 25 elements (complementary). (D) As (C), but the contextual gratings comprised also the four contextual elements of (B), i.e. combining (B) and (C) (complementary+iso4). Results: Thresholds are highest if only the outmost elements of the contextual ''minimal'' gratings accompany the standard grating (isolated4). Performance is better for the minimal gratings (min.grating) and the ''complementary+iso4'' grating that both contain the four lines from condition (B). If the gratings are completely complementary performance is only slightly worse than in the minimal grating condition.
''2x13lines.equi'' vs. ''2x1line''; paired t-test, p = 0.0139, ''2x13lines.contra'' vs. ''2x1line''). Performance seems to be comparable whether the non-centered contextual gratings, comprising 13 elements, are on the same side or on opposite sides of the center ( Fig. 3D and E). Centered contextual gratings with 13 elements yield results comparable to contextual gratings with 25 elements in good agreement with the result that minimal gratings usually have less than 13 elements (see Fig. 2 ). Contextual 13 element gratings, that are non-centered, however, yield significantly worse results ( Fig. 3D and E). We suggest that the spatial arrangement of these non-centered 13 element gratings causes this deterioration of performance. These gratings reveal one free edge in the close neighborhood of the vernier compared to the centered 13 and 25 element contextual gratings in which the center elements have two neighbors, i.e. no free edge ( Fig. 3B and C) . Single contextual elements, i.e. those without neighbors, yield the worst results (Fig. 3F) . Hence, it seems that the number of elements neighboring a contextual element matters strongly. In this sense, contextual elements seem to reveal valences in loose analogy to chemical valences.
Orthogonal contextual lines
Relative stimulus orientation is the most extensively investigated cue in contextual modulation usually leading to better performance for orthogonal than for iso-oriented contextual elements. In this experiment, we investigate the role of contextual elements orthogonal to the vernier and the standard grating to relate contextual interactions in our paradigm with the results of earlier studies.
Materials and methods
Verniers were presented for the minimal presentation time of each individual observer. In all conditions, the vernier was followed by the standard grating. Four isolated horizontal lines at the horizontal positions ±600 00 from the center above and below (Fig. 4A) or two horizontal lines above and below the center of the standard grating were presented (Fig. 4B) . The gap between horizontal contextual lines and the standard grating was 200 00 , length of lines was 400 00 . Long horizontal lines had a length of 4800 00 and were presented either attached to the standard grating or shifted by 200 00 in vertical direction ( Fig. 4C and D) . Four isolated vertical lines were displayed without or simultaneously with long attached horizontal lines at a horizontal distance of 600 00 left and right of the center (Fig. 4E and F) . Six observers participated.
In the second part of the experiment, we tested the role of line ends for horizontal lines in a parametric way. The standard grating was accompanied by a long horizontal line (Fig. 4C) or by ''broken'' long lines covering the entire standard grating presented 200 00 above or beneath the standard grating ( Fig. 4G ; the broken lines are slightly longer than the horizontal extension of the standard grating). The broken lines consisted of horizontal lines each 400 00 long. These lines were separated by a horizontal gap which served as the independent variable in this part of the experiment. Depending on the spacing of this gap either nine (spacing 200 00 ), seven (spacing 400 00 ), or five (spacing 800 00 ) lines were displayed both above and below the standard grating. In all these conditions, two lines were presented above and below the center of the standard grating, i.e. the condition A of Fig. 4 is contained in these conditions. Since suppression is weaker for horizontal than for vertical contextual lines, we used a vernier and standard grating segment length of 300 00 instead of 600 00 to maximize effects. Performance was also determined in the standard condition. Five observers participated.
Results and discussion
Short horizontal contextual lines decrease performance ( Fig. 4A and B ; paired t-test, p = 0.013, ''standard'' vs. ''2h-lines''). However, performance deteriorates less than with vertical lines (paired t-test, p = 0.0039, ''4h-lines'' vs. ''4v-lines''; see also Herzog & Fahle, 2002) . Long horizontal lines, however, show no suppressive effects whether or not they are attached to the standard grating. Interestingly, these long lines can partly ''block'' the influence of short vertical lines since performance is worse when the vertical lines are displayed without the long horizontal lines (Fig. 4E vs. F; paired t-test, p < 0.0001, ''4v-lines'' vs. ''h-long.4v-lines'').
Broken horizontal lines, containing the two central horizontal lines, yield thresholds higher than the long continuous lines depending on the spacing (Fig. 5) . Performance decreases with increasing spacing.
Edges and lines
Vertical isolated contextual lines exert strong suppression. This suppression vanishes when the lines are part of contextual gratings. However, when the isolated lines form the edges of contextual gratings in the close neighborhood of the vernier, suppression still occurs (Fig. 3) . Here, we investigate whether it is the line or else the edge characteristic that exerts suppression. With edge characteristic, we refer to the notion that edges of contextual gratings indicate the border of a homogeneous structure while still being independent line elements. For example, we present small squares revealing edges at the same positions as the suppressive isolated lines in the previous experiments. These edges of squares are the ends of contiguous entities.
Methods
A vernier preceded the standard grating. Duration of the vernier was the minimal time required by each individual observer for standard shine-through to occur. First, performance was determined in this standard condition (Fig. 6A) . Second, the standard grating was accompanied by four vertical lines with parameters as described in the corresponding earlier experiments (Fig. 6B ) and, third, by four horizontal lines (Fig. 6C ). These horizontal lines had the same midpoint as the vertical lines, i.e. their vertical distance to the standard grating was 400 00 . Fourth, the vertical lines from (B) were intersected by the horizontal lines from (C) creating a cross-like shape (Fig. 6D) . In the fifth condition, we extended the horizontal lines of the crosses to a long line covering the width of the entire standard grating (Fig. 6E) . These long horizontal lines have the same parameters as the long horizontal lines from Fig. 4C , except that their vertical distance to the standard grating was 400 00 . Sixth, four squares were presented as contextual elements. Squares had a side length of 400 00 corresponding to the size of contextual lines (Fig. 6F) . The ''inner'' vertical edges of the squares were 600 00 apart from the center, i.e. at the same position as the single vertical elements in condition (A). Six observers participated in this experiment.
Results and discussion
Four contextual vertical lines deteriorate performance more strongly than cross-like contextual elements, i.e. vertical and horizontal lines intersecting each other ( Fig. 6 ; paired t-test, p = 0.0371, ''4lines'' vs. ''crosses''; performance in the present ''horizontal lines'' condition is better than in the previous experiment possibly since the vertical distance to the standard grating was 400 00 instead of 200 00 ). Still, performance in the cross condition seems to be worse than in the standard condition. It seems that the increased number of line endings in the cross condition improves performance rather than deteriorates it. The crosses may be more coherent than the vertical lines itself. Another possibility is that the contextual vertical lines are less suppressive since their length is interrupted in agreement also with the outcome of the condition in which the long horizontal lines bisect the vertical contextual lines (Fig. 6E) .
Contextual squares deteriorate performance less strongly than four vertical contextual lines. However, performance deteriorates compared to the standard condition (paired t-test, p = 0.0426, ''standard'' vs. ''square''). Contextual edges seem to deteriorate performance independently of whether they are edge lines or the edges of contiguous objects. Contextual squares might yield better performance than vertical isolated lines since they contain only one free edge in the close neighborhood of the vernier whereas lines reveal two (see also Fig. 2 ).
Contextual luminance
In this experiment, we determine the effects of contextual inhomogeneities induced by luminance changes in order to investigate the effects of relative luminance on contextual modulation.
Materials and methods
Performance was determined in the standard condition, and for the standard grating accompanied by four isolated as well as 2x25 contextual elements, i.e. contextual gratings. In the next conditions, some elements had a doubled luminance, i.e. 160 cd/m 2 . In the first of these conditions, the two standard grating elements at the third position from the center either to the left or right, i.e. ±600 00 away from the center, were displayed with the doubled luminance. No contextual elements were presented (Fig. 7A) . In the second of these conditions, the elements in the contextual gratings at the same horizontal positions, i.e. ±600 00 away from the center in the horizontal direction, had a doubled luminance (Fig. 7B) . In the third condition, all contextual elements were presented at doubled luminance (Fig. 7C) . Finally, we presented four isolated contextual elements with doubled luminance (Fig. 7D) .
Results and discussions
Performance strongly deteriorates when the standard grating contains elements with higher luminance (paired t-test, p < 0.0001, ''standard'' vs. ''st.DL''; Fig. 7) . Surprisingly, only a slight deterioration of performance occurs if contextual gratings contain such elements at the corresponding horizontal positions. However, performance is significantly improved compared to the ''4lines'' condition even though the ''2x25lines-4lines.DL'' condition (B) is the superposition of the ''4lines'' and the ''2x25lines'' condition (paired t-test, p = 0.0016, ''2x25lines-4lines.DL'' vs. ''4lines''). Increasing luminance of all contextual elements improves performance compared to the standard condition but the difference fails to be significant. Doubling the luminance of four isolated elements does not deteriorate performance compared to the condition with four isolated lines presented with standard luminance. Hence, contextual suppression seems not to increase with increasing luminance of isolated contextual elements.
Contextual delay
Shine-through depends not only on the spatial but also on the temporal homogeneity of the standard grating. For example, performance deteriorates dramatically if the peripheral elements of the standard grating are presented later than the central five elements by only 10 ms or 20 ms (Herzog, Koch, & Fahle, 2001b) . In a recent study, we showed that also the timing of contextual elements relative to the standard grating strongly influences the shine-through effect (Herzog et al., 2003a) . Here, we investigate whether temporal differences within the contextual gratings influence shinethrough to further clarify the dependence of contextual interactions on the temporal structure of the stimulus.
Materials and methods
First, the standard grating was displayed alone and, second, accompanied by contextual gratings (''2x25lines''), after a preceding vernier target. In the ''contextual delay'' condition, the vernier was followed immediately by the standard grating and the central five elements of the contextual gratings (Fig. 8A) . The remaining 2 · 10 elements of each contextual grating were displayed 20 ms after the onset of these five central elements. In the ''all delay'' condition, the central five elements of both the standard and the contextual gratings followed immediately after the vernier while the remaining 2 · 10 elements of the standard grating and the contextual gratings appeared 20 ms later (Fig. 8B ). Verniers were presented for observersÕ minimal time.
Results and discussion
Performance deteriorates significantly if the peripheral parts of the contextual gratings are delayed by 20 ms and even more strongly when the peripheral parts of both standard grating and the contextual gratings are delayed by the same amount (paired t-test, p = 0.0343,''2x 25lines'' vs. ''context.delay''; p < 0.0001,''standard'' vs. ''all.delay''; Fig. 8) . Herzog et al. (2001b) have shown that delaying the peripheral parts relative to the central part of the standard grating deteriorates performance strongly and monotonically with increasing delay. We argued that the short delay gives rise to segmentation of the five element grating thus preventing shine-through. It seems that also the segmentation of a five element contextual grating can be achieved with a 20 ms presentation time since contextual suppression occurs if the central five element parts of contextual gratings precede the peripheral parts (Fig. 8) . Delaying the entire contextual gratings by 10-30 ms yields only a minor deterioration of performance (Herzog et al., 2003a) . Contextual suppression seems to be a fast dynamic process.
Discussion
Contextual suppression
Isolated contextual elements can strongly suppress the shine-through effect while extended contextual gratings yield a much better vernier offset discrimination that is comparable to the standard condition. This result is, at least initially, rather surprising since the isolated elements are part of the contextual gratings (see also Herzog & Fahle, 2002; Herzog et al., 2003a Herzog et al., , 2003b . Herzog & Fahle (2002) suggested that contextual suppression vanishes if the context constitutes an independent and coherent entity. With ''independent'' we refer to the notion that the context is not perceived as part of the standard grating but as an independent part of the visual scene. With ''coherent'' we refer to the notion that the elements of the context are grouped together.
The dependence of the context is a critical factor for contextual modulation since independent, non-suppressive contextual gratings, such as the minimal gratings of Fig. 2A , can suppress the shine-through element if they are attached to the standard grating (Herzog & Fahle, 2002) . After loosing independence, contextual gratings are also subjectively perceived as part of the standard grating. In this publication, we focus on the effects of context coherence.
Contextual valences
We suggest that contextual elements have contextual valences in a loose analogy to chemical valences. The valence of a contextual element is the number of possible neighbors. In our experiments, contextual lines (and the vernier target) may be considered as having a valence of two. Contextual suppression varies with the number of actual neighbors vanishing when this number equals the valence. In our experiments, strongest suppression occurs for isolated elements (no neighbors, e.g. Figs. 2B and 3F), weaker suppression occurs if contextual lines form an edge of a contextual grating (one neighboring element, e.g. Figs. 2D, 3D, E) , and suppression ceases when the elements are part of a contextual grating (two neighbors, e.g. Fig. 3B, C) . Contextual squares also diminish performance though these stimuli are not lines while revealing analogous edges having a valence of one (see Fig. 6F ).
Why does contextual suppression vanish when all elements in the near neighborhood of the vernier have the ''full'' number of neighbors, i.e. equaling the valence? One of the most important goals of early visual processing is to group elements to figures and to segment these figures from their backgrounds and other figures. We propose that during these processes, ''representations'' of stimulus elements interact with each. Activity in topographically ordered neuronal networks might rise at the representations of borders and contours while it decays for redundant elements representing the inside of homogeneous regions (Herzog, Ernst, Etzold, & Eurich, 2003 ; see also Grossberg & Mingolla, 1985; Li, 1999; Welpe, von Seelen, & Fahle, 1980) . In this sense, all elements of a visual scene interact with each other to form coherent entities analogously of atoms building up molecules. Interactions with other visual complexes are strongest for the border elements of these entities whereas negligible for ''inner'' elements. The strength of contextual interactions of contextual elements is determined by their valence, their distance to each other, their respective similarities and orientations, and other spatial aspects (e.g. Fig. 2A vs. D; Fig. 4E vs. F).
According to this view, contextual gratings exert suppression only at their edges. For extended contextual gratings, no suppression occurs since the edges are remote from the vernier target and the contextual lines, close to the vernier, are grouped having the ''full'' number of neighbors. For smaller contextual gratings or isolated contextual lines, suppression occurs since edges are in close neighborhood of the vernier. The vernier becomes an inner element of these edges located above and below the standard grating. Neural activity corresponding to the vernier is diminished and performance deteriorates ( Fig. 2 ; suppression is weaker if isolated contextual lines are present on one side of the standard grating only compared to when located above and beneath it, see Herzog & Fahle, 2002) .
We suggest that contextual edges and isolated lines exert strongest suppression since the vernier itself shows such edges. This view is compatible with other experiments revealing the dominant role of edges in visual processing (Hubel & Wiesel, 1977; MacKay, 1973; Macknik, Martinez-Conde, & Haglund, 2000; McCarter & Roehrs, 1976; Sagi & Hochstein, 1985) . We suggest, moreover, that the proposed contextual interactions occur in a dynamic process ( Fig. 8 ; Herzog et al., 2003a) .
According to our hypothesis, on a functional description level, contextual modulation occurs during segmentation and grouping of elementary features to coherent objects. On a physical stimulus description level, this means that the overall spatial layout of the context, in addition to its low level features, such as orientation, determines contextual modulation (Herzog & Fahle, 2002 ). On a neural description level, contextual suppression may occur when neurons interact via short and long range (horizontal) connections (Das & Gilbert, 1999; Knierim & van Essen, 1992; Li, Thier, & Wehrhahn, 2000) . That is to say that grouping and segmentation phenomena may be achieved with basic low level circuits whereas on a stimulus description level high level terms have to be used (Herzog & Fahle, 2002) .
Also other recent psychophysical studies have shown that the object-hood of the context seems to be more important than its low-level features are (e.g. Meinhardt, Schmidt, Persike, & Roeers, 2004) . Moreover, neurophysiological studies revealed that already the early cortical areas of vision can perform complex tasks related to fore-vs. back-ground processing (e.g. Sugita, 1999; Zipser, Lamme, & Schiller, 1996) or other complex spatial interactions such as the blocking of one line by another one (Kapadia, Ito, Gilbert, & Westheimer, 1995) . Whether all these complex operations can be performed by long and short range neural connections remains an open question. Chubb, Sperling, & Solomon (1989) showed that, in an apparent contrast experiment, the brightness of a central target patch is modulated as a whole, i.e. the brightness of the entire target is uniformly modulated by the surround. If modulation was mediated primarily by short-range inhibitory interactions, the brightness of the center of the target patch should be different than its periphery.
Contextual edges
Though our experiments emphasize the strong role of edges for contextual suppression, we suggest that edge detection per se cannot explain our results. First, the number of neighboring elements matters as described above. Second, performance changes depending on whether or not the ''open side'' of an edge is ''facing'' the target ( Fig. 2A vs. D) . Third, the influence of vertical, suppressive lines can be blocked by non-suppressive, horizontal lines ( Fig. 4F ; see also Dresp, 1993; Kapadia et al., 1995) . Fourth, single contextual lines defined by luminance increments exert no suppression (Fig. 7B) . Fifth, performance deteriorates if a long horizontal contextual line is interrupted supposedly caused by the additional edges and line endings (Fig. 5) . On the other hand, increasing the number of line endings can also improve performance ( Fig. 6B and D) .
As suggested, complex interactions seem to occur both in-between the context and with the target element. We suggest that edges play their important role during grouping of elements to homogenous structures.
Contextual luminance
Performance deteriorates strongly if the standard grating contains two isolated elements with doubled luminance (Fig. 7A) . However, introducing doubled luminance elements into contextual gratings has virtually no influence on performance (Fig. 7B) . In the basic four isolated line condition (Fig. 1B) , the luminance difference of these four lines relative to the background is as high as the luminance of the four doubled luminance lines in the contextual gratings relative to the other contextual elements (Fig. 7) . Some mechanism seems to be at work which takes into account the contextual grating structure.
Inserting ''brighter'' elements into the standard grating destroys the homogeneity of the grating. We suggested that homogeneity is a prerequisite for the shine-through effect to occur (see Herzog, Fahle, & Koch, 2001a) . Inhomogeneities in the contextual gratings, on the other hand, change the internal structure of the contextual gratings but neither their independence nor coherence.
If the luminance of the center elements of contextual gratings is doubled, performance only slightly decreases in analogy to the four contextual elements shown in Fig.  7B (results not shown). However, if single contextual lines precede the center of contextual gratings, strong contextual suppression occurs (Herzog & Fahle, 2002) . It seems that these preceding lines are not bound to the contextual gratings even though their duration is as short as the one of the vernier, i.e. 10-30 ms, adding further evidence for a fast dynamic processing.
Orthogonal contextual lines
Suppression of vertical verniers by isolated horizontal, i.e. orthogonal, contextual elements is weaker than by vertical, i.e. iso-oriented ones (Fig. 4) . This result is in accordance with most psychophysical as well as neurophysiological studies in this field. At high contrasts, the suppression of iso-oriented, non-collinear contextual elements is usually attributed to connections between neurons tuned to the same orientation as the target. These connections are assumed to exert stronger inhibition than those between neurons with orthogonal orientation preferences. On a stimulus description level, suppression effects are usually related and ascribed simply by differences in orientation. However, orientation differences between stimulus elements cannot fully explain our results ( Figs. 1-6 ; see also Herzog & Fahle, 2002) . We suggest that contextual suppression by orthogonal elements is weaker than by iso-oriented ones because of a difference of contextual layout rather than by a difference of orientation per se. On a neural description level, long or short range interactions between neighboring neurons still might account for the results.
Attaching a long, non-suppressive horizontal line to the grating leaves performance virtually unchanged (Fig. 4) . No suppression occurs. However, small contextual gratings of vertical lines, such as shown in Fig. 2A , become strongly suppressive if attached to the standard grating since they are not independent anymore (Herzog & Fahle, 2002) . We suggest that the independence of the long horizontal contextual lines, attached or not, is warranted because of the orientational difference.
Why do short horizontal elements interfere with the vertical vernier at all? We related the proposed contextual interactions to grouping of elements to homogeneous figures. Since homogeneous textures can contain elements of various orientations, neural interactions might not be restricted to one orientation domain (e.g. Nothdurft, 1991) .
The experiment employing a horizontal broken line, moreover, shows that our results are not due to low pass filtering. It might be argued that a low pass filtering of the contextual elements determines contextual suppression, rather than the orientation of the individual elements of the contextual gratings. According to this view, extended contextual gratings, comprising vertical elements, exert no suppression since low pass filtering of these gratings yields a horizontally extended object. This horizontal contextual object does not interact with the vernier target, as it is the case for the long horizontal lines (see Figs. 4 and 5) . Low pass filtering of the broken lines also leads to long horizontal lines (see Fig. 5 ). However, the broken lines exert strong suppression. This result does not imply that low pass filtering plays no role in contextual modulation. The result only shows that ''filtered'' orientations of the context cannot completely explain contextual suppression in our data.
Conclusions
At least two main factors seem to determine the power of contextual suppression in the shine-through effect. The first is the dependence between target and context and the second is the coherence of the context, i.e. the (non)-existence of unbound elements, such as edges or isolated lines, in the context near the vernier target. Contextual elements seem to share some characteristics with the chemical elements: they reveal binding power. Isolated lines offer unbound edges that are prone to interact with their neighborhood. If the neighboring space is occupied, contextual suppression vanishes analogously to atoms after, e.g. covalently, binding other atoms. Lines with neighbors on only one side reveal less binding power than lines without neighbors (Fig. 3) .
We like to suggest that the concept of valences applies to other contextual paradigms as well. Li et al. (2000) showed that neural responses increase and psychophysical performance improves the more contextual elements are displayed. Psychophysical performance improves when the number of elements in texture displays strongly increases making the context more homogeneous (Bacon & Egeth, 1991; Meinecke & Donk, 2002; Sagi & Julesz, 1987; Schubo, Schroger, & Meinecke, submitted for publication). We suggest that, in these paradigms, the texture lines also reveal valences. Solomon & Morgan (2000) showed that facilitation of two contextual Gabor elements vanishes if they are embedded in a circular, coherent surround of Gabors. This experiment indicates that the valence concept may be extended to paradigms revealing contextual facilitation rather than contextual suppression.
